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TumorigenesisPotassium channels are a diverse group of pore-forming transmembrane proteins that selectively facilitate potas-
sium ﬂow through an electrochemical gradient. They participate in the control of the membrane potential and
cell excitability in addition to different cell functions such as cell volume regulation, proliferation, cell migration,
angiogenesis aswell as apoptosis. Because these physiological processes are essential for the correct cell function,
K+ channels have been associated with a growing number of diseases including cancer. In fact, different K+
channel families such as the voltage-gated K+ channels, the ether à-go-go K+ channels, the two pore domain
K+ channels and the Ca2+-activated K+ channels have been associated to tumor biology. Potassium channels
have a role in neoplastic cell-cycle progression and their expression has been found abnormal in many types of
tumors and cancer cells. In addition, the expression and activity of speciﬁc K+ channels have shown a signiﬁcant
correlation with the tumor malignancy grade. The aim of this overview is to summarize published data on K+
channels that exhibit oncogenic properties and have been linked to amoremalignant cancer phenotype. This ar-
ticle is part of a Special Issue entitled: Membrane channels and transporters in cancers.
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Potassium (K+) channels are themost diverse class of ion channels in
the plasmamembrane and are encoded bymore than 75 different genes.
They can be classiﬁed according to several criteria, including the stimulus
2478 N. Comes et al. / Biochimica et Biophysica Acta 1848 (2015) 2477–2492to which they respond and their biophysical and structural properties,
into four main families: voltage-gated K+ channels, calcium-activated
K+ channels, inward-rectiﬁer K+ channels and two-pore-domain K+
channels. The voltage-dependent K+ channel (Kv) family can be
subdivided into Kv1–4 channels (Shaker, Shab, Shaw and Shal-like sub-
units), Kv7 channels (KCNQ), the silent Kv5, Kv6, Kv8 and Kv9 subunits
(modulators) and Kv10–12 channels (EAG-like) [1,2]. K+ currents play
a key role in multiple cellular functions such as the maintenance of
resting membrane potential and the active repolarization of the action
potential, the regulation of cell volume, differentiation, proliferation,
migration and apoptosis. Therefore, K+ channels control the electrical
excitability of nerves and muscles, affect neurotransmitter and insulin
release, and modulate the immune response and other physiological
processes [1,3,4]. Potassium channels are widely distributed in a variety
of healthy and cancer cells. They are involved in physiological cell prolif-
eration and neoplastic growth as well as tumor progression and malig-
nancy. In fact, it has been increasingly documented that K+ channels
have an oncogenic potential [5–22]. The subfamilies of K+ channels
that have been correlated with the proliferation of tumor cells are the
shaker-type voltage gated K+ channels [9,23–25], the ether-à-go-go
voltage-gated K+ channels [7,26–30], the two-pore domain K+ channels
[31–33], and the Ca2+-activated K+ channels [34–37]. In this complex
scenario, the main K+ channels subtypes that are addressed in this
issue are those that have been unequivocally associated with malignant
progression. Thus, wewill concentrate on the Shaker-like, EAG and two-
pore domain subgroups (Fig. 1).1.1. Shaker potassium channels
The voltage-gated potassium channels of the Shaker family (Kv1)
have been reported to be crucial for the proliferation of healthy and
cancerous cells [9,10,14,38–43]. Speciﬁcally, Kv1.3 and Kv1.5 arewidely
implicated in the development of different tumors [22–24,44–50]. From
the extensive published data on Kv1.3 and Kv1.5 in human cancers, we
will summarize the evidence regarding their role in the progression
toward a more malignant phenotype.S1 S2 S4 S5 S6S3
NH2
COOH












Fig. 1. A. Shaker potassium channels have six transmembrane segments (S1–S6) and one
pore (P) between segments S5–S6. The positively charged fourth transmembrane
segment (S4) acts as a sensor for changes in the membrane potential and both, N- and
C-terminus are intracellular. B. Ether-à-go-go voltage-gated potassium channels hold a
very similar membrane-spanning region than shaker K+ channels with S1–S4 contribut-
ing to the voltage sensor domain and S5–S6 alongwith the intervening pore loop forming
the pore domain. But ether-à-go-go K+ channels show large intracellular NH2 and COOH
terminus that contain a Per-Arnt-Sim (PAS) domain and a cyclic nucleotide binding
domain (cNBD), respectively. C. Two-pore domain K+ channels (K2P) possess four distinct
transmembrane segments (S1–S4), and two pore sequences (P1–P2) with both N- and C-
termini positioned into the cytosol. Each pore domain contains an outward and an inward
membrane spanning-helix ﬂanking the potassium ion-selectivity ﬁlter segment and the
membrane-entrant pore helix.1.1.1. Voltage-activated potassium channel 1.3 (Kv1.3)
Voltage-gated potassium channel, shaker-related subfamily mem-
ber 3, known as Kv1.3, is a protein encoded by the KCNA3 gene in
humans. Outward delayed rectiﬁer Kv1.3 currents are typically activat-
ed at a membrane voltage of −35 mV. These currents show C-type
inactivation as well as a characteristic cumulative inactivation. Kv1.3
channels are ubiquitously distributed, being expressed in B [51] and T
lymphocytes [5], macrophages [42], the olfactory bulb [52], as well as
epithelia [53] and several other tissues [54,55]. Kv1.3 channels contrib-
ute to the activation and proliferation of both B [51] and T lymphocytes
[56] and they are present at the immunological synapse during antigen
presentation [57]. Thus, they have been associated with autoimmune
diseases [58,59]. Although Kv1.3 has been primarily detected at the
plasma membrane, it is also present in the inner mitochondrial
membrane (IMM) in lymphocytes [60], where it contributes to apopto-
sis [61]. Kv1.3 also participates in the insulin signaling pathway and has
been associated with insulin sensitivity [62] and obesity [63].
In recent years, the importance of voltage-gated K+ channels (Kv) in
cancer biology has gained attention due to their identiﬁcation as poten-
tial novel tumormarkers [17,21] (Table 1). First, the aberrant expression
of Kv1.3 has been detected in many cancer cells [17,19,23,24,47,50,55,
64–73]. Normal prostate samples show high positive immunostaining
of Kv1.3 protein, whereas human prostate cancer cell lines (DU145,
PC3, MDA-PCA-2B, and LNCaP) display moderate to strong Kv1.3 levels
[23]. Kv1.3 currents have also been detected in the highly metastatic
Mat-LyLu and theweaklymetastatic AT-2 rat prostate cell lines. Howev-
er, these two cell lines with markedly different metastatic abilities
exhibit Kv1.3 currents with different biophysical properties. The MAT-
LyLu cells show lower current densities compared to the AT-2 cells.
Therefore, the Kv1.3 channels in MAT-LyLu cells may be less active
than those in the AT-2 cell line [68]. This fact, together with the
exclusive expression of voltage-gated sodium channels in MAT-LyLu
cells [74], suggests an important role of voltage-dependent ion channels
in cancer metastasis [75,76]. Similarly, the strongly metastatic human
prostate cell line PC3 shows lower Kv1.3 currents than the LNCaP cell
line, which is weakly metastatic. Therefore, there is an inverse correla-
tion between thepresence of Kv1.3 and themetastatic ability of prostate
cancer cell lines [69]. Moreover, normal prostate tissue and benign
prostatic hyperplasia show high expression of Kv1.3, but only half of
the tested prostate cancer (Pca) samples show similarly high expres-
sion. Thus, Kv1.3 protein levels inversely correlate with high tumor
grade and a poor prognosis in Pca. All of these data demonstrate that
the presence of Kv1.3 may serve as a useful diagnostic or prognostic
marker for prostate cancer [67]. Prostate and breast cancers show a
similar ion channel expression proﬁle, consistent with their similar
cell growth dependence from hormones. In fact, Kv1.3 expression levels
have been reported to be lower in cancer samples [77] and grade III
tumors [70] than in normal tissues, and the methylation of the KCNA3
promoter is also increased in tumors [70]. Although the molecular
mechanism is unknown, promoter methylation has been associated
with silencing gene expression in other cancer cells [78]. Because the
methylation status of KCNA3 is associated with poorly differentiated
tumors and younger patients, Kv1.3 is linked to cancer malignancy
[70]. Kv1.3 protein is not observed in healthy breast tissues, whereas
most cancer biopsies show increased Kv1.3 [47,64]. The K+ channel
opener minoxidil stimulates the proliferation of the MCF-7 breast
carcinoma cell line. In contrast, different blockers such as dequalinium,
amiodarone [47], and others [45] inhibit the proliferation of MCF-7
cells. K+ channel blockers also potentiate the growth-inhibitory effects
of tamoxifen in human breast, prostate, and colon cancer cell lines [47].
In addition, the expression of Kv1.3 and Kv1.5 increases concomitantly
with increasing numbers of inﬁltrating inﬂammatory cells surrounding
mammary duct carcinomas [64]. Another study of immortalized
mammary epithelial cells determined that the expression of Kv1.3 also
varies with the stage of the cancer. The mRNA expression of Kv1.3 in
the weakly tumorigenic M13SV1R2 mammary epithelial cell line is
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cells and less than that of highly tumorigenic M13SV1R2-N1 cells. On
the other hand, the protein levels of the Kv1.3 subunit are signiﬁcantly
increased in the M13SV1R2 and M13SV1R2-N1 mammary epithelial
cell lines compared to normal M13SV1 mammary epithelial cells.
Furthermore, in contrast to the mRNA, quantiﬁcation analyses revealed
that the Kv1.3 protein was induced in the highly tumorigenic
M13SV1R2-N1 mammary cells. Although Kv1.3 protein expression
does not correlate with the level of Kv1.3 mRNA, Kv1.3 is remodeled
in both tumorigenic breast cell lines. Furthermore, K+ channel blockers
inhibit the proliferation of M13SV1R2 and M13SV1R2-N1 cells. Kv1.3
protein levels are low in normal human breast tissue and high in both
T2- and T3-stage breast cancer tissues. Therefore, the level of Kv1.3
protein expression is differentially correlated with the stage of breast
cancer [71].
An analysis of human smooth muscle tumors compared to their
healthy counterparts has reported a correlation between the expression
of Kv1.3 and tumor aggressiveness. Kv1.3 channels are poorly expressed
in control muscles and human samples of indolent leiomyoma (LM),
which is a benign uterine tumor. However, the expression of Kv1.3 is
induced inmalignant leiomyosarcoma (LMS), an aggressive retroperito-
neal neoplasm [73]. In human skeletal muscle sarcomas, the differential
expression of Kv1.3 channels depending on the aggressiveness has also
been detected. Although the presence of Kv1.3 is believed to be low in
healthy adult samples and absent in the less aggressive embryonal
rhabdomyosarcoma (ERMS), it increases notably in aggressive alveolar
rhabdomyosarcomas (ARMS). Therefore, the expression of Kv1.3 is
altered during both smooth and skeletal carcinogenesis and positively
correlates with tumor malignancy [55].
On the contrary, although Kv1.3 is induced in gliomas [64], it does
not show a differential expression pattern among diverse types of glio-
mas or a connection between malignancy and channel expression [50].
This lack of association between Kv1.3 levels and cancer aggressiveness
has also been described in human lymphomas. The expression of Kv1.3
has been analyzed in a low aggressiveness non-Hodgkin's lymphoma
(follicular B-cell lymphoma) and other non-Hodgkin's lymphomas
with high aggressiveness (mantle, T-cell, diffuse large B-cell and
anaplastic lymphomas). Control lymph nodes express heterogeneous
levels of Kv1.3, demonstrating different states of cell activation. More-
over, the abundance of Kv1.3 does not correlate with either the state
of de-differentiation or the nature of lymphomatous cells [79].
Kv1.3 is expressed in the plasma membrane but also in the IMM
(mitoKv1.3) of lymphocytes where it mediates apoptosis [80].
MitoKv1.3 physically interacts in a toxin-like mode with Bax, which is
a proapoptotic protein of the Bcl-2 family. Bax inhibits Kv1.3 via interac-
tion of lysine 128 with the channel pore, resulting in IMM hyperpolari-
zation and the release of reactive oxygen species (ROS). ROSmight play
multiple roles in apoptosis such as thedissociation of cytochrome c from
the IMM and the permeability transition pore (PTP) activation [61,81].
In addition, mitoKv1.3 has been found in macrophages [82] as well as
in prostate cancer cell line PC3 and in breast cancer cell line MCF-7
[83] suggesting that this channel might play a role in the apoptotic
signaling in other cells. Interestingly, inhibition of mitoKv1.3 could be
used to treat chronic lymphocytic leukemia (B-CLL). Membrane-
permeable Kv1.3 inhibitors such as Psora-4, PAP-1 and clofazimine
induce apoptosis in B-CLL cells by directly targeting the mitochondrial
channel. Importantly, pathologic B-CLLs express higher levels of Kv1.3
protein and are speciﬁcally sensitive to treatment, whereas healthy B
cells, which express less Kv1.3, are resistant to these drugs. Thus,
Kv1.3 inhibitors may be promising therapeutic tools for the treatment
of B-CLL patients [84] whereas other mitochondrial ion channels like
Kv1.5, BKCa and TASK-3 may have also a potential role in the regulation
of apoptosis [85–87]. An extensive immunohistochemistry study has
also been revealed an increase of Kv1.3 protein in colon adenocarcino-
ma and a decrease in ovary, kidney, bladder and lung carcinomas [64].
Different studies have demonstrated that the expression of Kv1.3decreases in most cancers [64,88]. The anti-proliferative role of Kv1.3
has been tested in vivo in a mice xenograft model. In this study,
development of A549 injected-human lung adenocarcinoma growth is
suppressed by applying the selective Kv1.3 blocker margatoxin [13].
All these data, together with the fact that Kv1.3 suppression prevents
apoptosis [83], suggest that the Kv1.3 channel may act as a tumor
suppressor, although its role in tumor development is still unclear.
1.1.2. Voltage-activated potassium channel 1.5 (Kv1.5)
The Kv1.5 channel, encoded by KCNA5, is another member of the
voltage-gated, shaker-related family. Kv1.5 displays outward delayer
rectifying currents with a rapid activation at a more depolarizing
membrane potential than Kv1.3 (−25 mV). Unlike Kv1.3, Kv1.5 inacti-
vation is slow and lacks cumulative inactivation. Both Kv1.3 and Kv1.5
are inhibited by general K+ channel blockers such as 4-aminopyridine
(4-AP) and tetraethylammonium (TEA) [89]. While Psora-4 is a potent
inhibitor of Kv1.3 and Kv1.5 [90], charybdotoxin [91], margatoxin [92]
and the anemone peptide ShK are effective only against Kv1.3 channels
[93]. In contrast, Kv1.5 has no known speciﬁc pharmacology, and it is
highly insensitive to most Kv1.3 blockers. However, a combination of
these chemical compounds makes possible to distinguish Kv1.3
currents fromKv1.5 currents. Similar to Kv1.3, Kv1.5 channels arewide-
ly expressed [94–96]. For example, Kv1.5 expression has been observed
in skeletal and smooth muscles and the immune system, kidneys and
heart [42,43,73]. Kv1.5 is involved in the cardiac action potential, and
defects in KCNA5 are the cause of familial atrial ﬁbrillation [97] and
sudden cardiac death [98]. It is also implicated in the activation, differ-
entiation and proliferation of different cell types [8,11,40,43,48,
99–102]. Interestingly, the Kv1.3 and Kv1.5 subunits interact to gener-
ate functional heterotetrameric channels that are relevant in immunity
[82,103].
Many studies have found that the expression of Kv1.5 is remodeled
in human cancer cells from the lungs [72], skeletal muscles [55], central
nervous system [50], kidneys, pancreas, and skin [64]. The expression of
Kv1.5 is almost absent fromhealthy smoothmuscle samples but hetero-
geneous and faint in indolent LM. In contrast, Kv1.5 displays a homoge-
neous low-level expression in aggressive LMS samples. Thus, there is a
positive correlation between the expression of Kv1.5 and the aggres-
siveness of smooth muscle neoplasms [73]. Similarly, Kv1.5 protein
staining is weak in healthy adult skeletal muscle, heterogeneous in
ERMS specimens, and homogeneously high in aggressive ARMS
samples. Therefore, the expression of Kv1.5 also increases with increas-
ing tumor aggressiveness grade in ERMS and ARMS [55].
Gliomas can emerge from both astrocytic and oligodendrocytic
lineages to generate low and high malignancy grades, respectively.
The expression of Kv1.5 channels has been reported to be high in astro-
cytomas butmoderate in oligodendrogliomas and low in glioblastomas,
which represent another class of high malignancy glioma [50]. Another
report has also found that astrocytomas had stronger Kv1.5 immuno-
staining than glioblastomas [64]. Thus, the expression of Kv1.5 inversely
correlates with the malignancy grade of glioma entities and may be a
good candidate for detection and outcomeprediction [50,64].Moreover,
glioblastoma patients with higher levels of Kv1.5 show slightly better
overall survival [104]. Similar results have been observed in non-
Hodgkin's lymphomas, where Kv1.5 expression is inversely correlated
with the grade of clinical malignancy. Unlike Kv1.3, the abundance of
Kv1.5 was more homogeneous in normal and lymphoma samples. The
levels of Kv1.5 channels are low in normal lymph nodes but noticeable
in indolent follicular B-cell lymphomas. However, several tested aggres-
sive non-Hodgkin's lymphomas (mantle, T-cell, diffuse large B-cell and
anaplastic lymphomas) exhibit low to moderate levels of Kv1.5, similar
to control lymph nodes. The link between the level of the Kv1.5 protein
and the aggressiveness of tumorsmay convert this channel into a useful
biomarker in the diagnosis or prognosis of some lymphomas [79].
Finally, colon, stomach, pancreatic, bladder, skin, and mammary
duct carcinomas express higher levels of Kv1.5 than the healthy tissues,
Table 1
Potassium channels related with malignant progression of cancer.
Family Channel Tissue Tumors/cancer cell lines Evidences Reference
Shaker Kv1.3 Prostate Normal human prostate specimens
Benign prostatic hyperplasia (BPH) samples
Primary human prostate cancer (Pca) samples
Reduced expression in higher tumor
grade/stage
[23]
Weakly metastatic AT-2 rat prostate cell line
Highly mestastatic Mat-LyLu rat prostate cell line
Lower current density in Mat-LyLu cells [68]
Weakly metastatic LNCaP human prostate cell line
Strongly metastatic PC3 human prostate cell line
Lower current density in PC3 cells [69]
Breast Breast adenocarcinoma MCF-7 cell line
Normal breast epithelial MCF cell line
Normal human breast epithelial primary cells
(HMEpC)
Lower expression in grade III tumors
Increased methylation of the KCNA3 promoter
[70]
Normal M13SV1 mammary epithelial cell line
Weakly tumorigenic M13SV1R2 mammary
epithelial cell line
Highly tumorigenic M13SV1R2-N1 mammary
tgsecqizepithelial cells
Increased mRNA expression in M13SV1R2 cells
Induced protein levels in M13SV1R2-N1 cells
[71]
Smooth Muscle Benign Leiomyoma (LM)
Aggressive Leiomyosarcoma (LMS)
Induced expression in malignant LMS [73]
Skeletal Muscle Embryonal Rabdomyosarcoma (ERMS)
Aggressive Alveolar Rabdomyosarcoma (ARMS)
Increased expression in aggressive ARMS [55]
Shaker Kv1.3 B lymphocytes Chronic lymphocytic leukemia (B-CLL) Increased protein expression [84]
Kv1.5 Smooth Muscle Benign Leiomyoma (LM)
Aggressive Leiomyosarcoma (LMS)
Higher and more homogeneous
expression in aggressive LMS
[73]
Skeletal Muscle Less aggressive Embryonal Rabdomyosarcoma (ERMS)
Aggressive Alveolar Rabdomyosarcoma (ARMS)
Higher and more homogeneous
expression in aggressive ARMS
[55]
Brain Low malignancy astrocytoma
High malignancy oligodendroglioma
High malignancy glioblastoma




Lymph Node Low aggressiveness non-Hodgkin's lymphoma
(Follicular B-cell)
High aggressiveness non-Hodgkin's lymphomas
(Mantle, T-cell, diffuse large B-cell, anaplastic)
Higher abundance in indolent
Follicular B-cell non-Hodgkin's lymphoma
[79]
EAG hEAG1 Head/neck Head and Neck Squamous Cell Carcinoma (HNSCC) Higher expression in advanced
stages of HNSCC tumors
[141]
EAG hEAG1 Colon T84 colonic cancer cell lines
Crypt cells of mice colon treated with
carcinogenic agents
Human colorectal adenocarcinomas with diverse
diagnosis
Increased mRNA expression in mice colon
treated with DMH/MNU carcinogenic agents
Gene ampliﬁcation is associated
with adverse outcome in tumor samples
[135,147]
Colon Colorectal adenoma tissues
Paired non-cancerous matched tissues
Colorectal cancer cell lines (LoVo and HT-29)
Protein expression level depends on
the tumor size, lymph node metastasis,
other organ metastases, and tumor stage
[145]
Esophagus Gastric cancer patients
Gastric cell lines SGC-7901 and BGC-823
Increased protein levels associated with
lymph node metastasis and tumor stage
[136]
Cervix Normal smears from patients taking or not estrogens
Cervical cytologies from intraepithelial lesions
Biopsies from cervical intraepithelial neoplasias
Cervical cancer cell lines
Increased expression in high-grade
intraepithelial lesions
[30]
Brain Pilocytic astrocytoma (malignancy grade I)
Diffuse astrocytoma (malignancy grade II)
Oligodendroglial tumor (malignancy grade III)
Glioblastoma (malignancy grade IV)
Strong expression in normal brain
High expression in low-grade gliomas
Moderate expression in high-grade gliomas
[143]
EAG hEAG1 Blood Chronic myeloid leukemia (CML)
Acute myeloid leukemia (AML)
Up-regulation in all tested CML
Up-regulation in half of the tested AMLs
The expression correlates with increasing age,
higher relapse rates and a shorter overall
survival
[119]
hERG1 Colon Human colon cancer H630, HCT8, DLD1,
HCT116 cell lines
Human primary colorectal tumor samples
High gene and protein expression
in colon carcinoma cell lines
Increased expression of gene and protein
in metastatic primary human colorectal cancers
The protein amount and the channel activity
correlate with the invasion capacity of
cancer cells
[167]
Colon Colorectal cancer HCT116, HCT8, HT29 cell lines
Colorectal cancer mouse models
Induction angiogenesis and tumor progression
through interaction with β1-integrin
[178]
Esophagus Barrett's esophagus (BE) samples
Esophageal dysplasia (Ds) samples
Esophageal adenocarcinoma (ADKs) samples
Protein expression in 7% of patients
with BE lesions that does not proceed to cancer
Protein expression in 89% of patients
with BE lesions that progress toward ADKs
[195]
EAG hERG1 Stomach Human gastric cancer cell lines
SGC7901, AGS, MGC803, MKN45
Human immortalized gastric mucosa epithelial
GES cell line
Protein expression is associated with
differentiation and stage of gastric tumors
Protein silencing can decrease invasiveness
and tumorigenicity of gastric cancer cells
[170]
Brain Murine neuroblastoma 41A3cell line Regulation of neurite outgrowth
mediated by integrin interacion
[185]
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Table 1 (continued)
Family Channel Tissue Tumors/cancer cell lines Evidences Reference
Brain Pilocytic astrocytoma (malignancy grade I)
Diffuse astrocytoma (malignancy grade II)
Oligodendroglial tumor (malignancy grade III)
Glioblastoma (malignancy grade IV)
Strong expression in normal brain
High expression in low-grade gliomas
Moderate expression in high-grade gliomas
.
[143]
Brain Glioblastoma multiforme (GBM) samples
Glioblastoma cell lines
Channel overexpression
in the high-grade astrocytoma GBM
Promotion of neo-angiogenesis by induction
of VEGF secretion in glioblastoma cell lines
[153]
Blood Human leukemic preosteoclastic FLG 29.1 cell line Regulation of ﬁbronectin
adhesion by integrin interaction
[182]
EAG hERG1 Blood Primary acute myeloid leukemia (AML) blasts Regulation of cell migration and invasion
by interaction with VEGFR-1 and β1-integrins
Channel expression correlates with a
higher probability of relapse and shorter
survival
[180]
EAG hERG1 Blood Primary acute myeloid leukemia (AML) blasts Regulation of cell migration and invasion
by interaction with VEGFR-1 and β1-integrins
Channel expression correlates with a
higher probability of relapse and shorter
survival
[180]
Blood Leukemic cell lines and leukemic stem cells
Primary acute leukemic cells
Regulation of cell migration through the
interaction with the stromal cell-derived
factor-1 (SDF-1)
[183]
Blood Acute lymphoblastic leukemia (ALL) cell lines
Acute lymphoblastic leukemia (ALL) primary cultures
Bone marrow samples from children with B-cell
precursor ALL
Human cell engrafted NOD/SCID mice
ALL hERG1+ patients show a better prognosis
Mice engrafted with ALL cells
and treated with channel blockers show
reduced leukemic inﬁltration and higher
survival
[181]
Skin MDA-MB-435S melanoma cell line Regulation of cell proliferation and migration [176]
Thyroid gland Human aggressive anaplastic thyroid cancer cells Modulation of cell migration [184]
K2P TASK-3 Breast Non-invasive human breast MCF-7 cancer cell line
Invasive breast MDA-MB-231 cancer cell line
Increased mRNA and protein in MCF-7 cells [242]
K2P TREK-1 Prostate Benign prostatic hyperplasia
Human prostate cancer PCa cells
Prostate cancer PC3 cell line
Positive expression in PCa cells and PC3 cell line [275]
Ovary SKOV-3 and OVCAR-3 cell lines
Epithelial ovarian tumor specimens
Association between channel expression
and disease prognosis, stage and grade
[276]
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control kidneys, similar to what we observed for Kv1.3 expression [64].
We can conclude that the expression of Kv1.5 increases in many tumor
cells and that the correlation between the expression and the tumori-
genic state may be attributable to remodeling mechanisms.
1.2. Ether-à-go-go potassium channels
1.2.1. Human ether-a-go-go voltage-gated potassium channel 1 (hEAG1)
Ether-à-go-go voltage-gated potassium channels are named after the
phenotype of the Drosophila mutants that allowed their identiﬁcation
[105]. As Kv channels, ether-à-go-go voltage-gated K+ channel 1
(EAG1) channels, encoded by the EAG1 gene, are typically closed at
the resting potential of cells but open after membrane depolarization.
EAG1 channels typically show slowly activating and non-inactivating
K+ currents with a voltage-dependence and a delayed rectiﬁcation at
strongly depolarized voltages [105,106]. However, the most peculiar
electrophysiological property of EAG1 is that the speed of activation
depends very strongly on the membrane potential before the stimulus
[107–110]. EAG1 provides the hyperpolarization needed prior to
myoblast fusion [30,111]. When expressed in heterologous systems,
the biophysical properties of EAG1 channels depend on the cell cycle
stage of the cells [110,112,113].
Human EAG1 was initially described as a cell-cycle regulated
channel [112,114] that was involved in the oncogenic progression of
tumor cells [115–117] (Table 1). In fact, EAG1 was the ﬁrst voltage-
gated K+ channel to be associated with oncogenesis and tumor
developmen. The oncogenic properties of this channel were demon-
strated when EAG1-transfected cell lines acquired properties that
were similar to those of cancerous cells, including the loss of cell contactinhibition, growth in low serum concentrations and the formation of
aggressive tumors when injected into immune-depressed mice [29].
To date, many studies have demonstrated the role of EAG1 in the
growth of cancer cell lines and in vivo tumor models [8,118–121]. For
example, EAG1 gene silencing by siRNA leads to a signiﬁcant reduction
in tumor cell proliferation in vitro [29,121,122] and impairs tumor
growth in vivo [123]. The inhibition of the EAG1 channel function also
reduces the proliferation of tumor cells. Unfortunately, there are no
speciﬁc blockers for EAG1 channels. Imipramine and astemizole,
which are non-speciﬁc blockers of EAG1, inhibit this channel and
decrease the proliferation of tumor cell lines [124]. EAG1 is expressed
in lung cancer biopsies [125], and in mouse models, oral doses of
astemizole also reduce the progression of subcutaneous tumors and
the frequency of metastasis in lung carcinoma [118]. However, imipra-
mine and astemizole also block hERG channels, resulting in cardiac
risk [126]. Similarly, chemotherapeutic agents such as tamoxifen
[127], which is used in breast cancer treatment, and α1-adrenoceptors
antagonists [128], which are used to treat benign prostatic hyperplasia,
inhibit ERG channel activity. Conversely, EAG1 favors xenograft tumor
progression in immunodeﬁcientmice in vivo, and its overexpression in-
creases cell proliferation [129]. The speciﬁc inhibition of EAG1 with
monoclonal antibodies also inhibits tumor cell growth both in vitro
and in vivo [120].
EAG1 channels exhibit a very restricted distribution in healthy tissues;
they are mainly conﬁned to the central nervous system and expressed at
low levels in the endometrium, placenta, testis, pancreatic acini, adrenal
gland, mast cells, myoblasts, and tissue-associated macrophages [29,
111,123,126,130,131]. In contrast, several clinical tumors of diverse ori-
gins have high EAG1 levels. In fact, human EAG1 transcripts were ﬁrst
found in tumor cell lines with different tissues of origin [26]. To date,
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several primary tumors, including neuroblastomas [27,29]; melanomas
[44,132,133]; breast cancers [123,134]; colon [135], gastric [136], and cer-
vical carcinomas [28]; rhabdomyosarcomas [137] and others [17,
138–143]. Moreover, hEAG1 is aberrantly expressed at a signiﬁcantly
high frequency in different types of tumors and cancer cell lines [119,
123,144]. Because of their particular pattern expression and oncogenic
properties, EAG1 channels may represent a new diagnostic marker and
therapeutic target for several types of malignancies [29,30,110].
Interestingly, the expression of EAG1 is a poor prognostic marker in
some human cancers [129]. There is a correlation between EAG1
expression levels and tumor recurrence and reduced overall survival
in patients with head and neck squamous cell carcinoma (HNSCC)
[141], colorectal [135], gastric [136], cervical dysplasia [30], brain
[143] and, acute myeloid leukemia [119]. This association supports the
notion that EAG1 may represent a promising prognostic biomarker in
various cancers [145]. Human EAG1 is aberrantly expressed in HNSCC-
derived cell lines at frequencies that are very similar to those described
in other cancer cell lines and primary tumors [119,144]. The expression
of EAG1 increases slightly during HNSCC progression and it is more
frequently found in larger and more poorly differentiated tumors in pa-
tients with advanced disease stages and lymph nodemetastasis. In vitro
functional studies have proved that the presence of EAG1 promotes
HNSCC cell proliferation and invasion. Thus, aberrant EAG1 expression
may confer a proliferative advantage to and invasive potential tumor
cells, inducing tumors to grow faster and with increased aggressiveness
[141]. Agarwal and colleagues have detected EAG1 RNA in several leu-
kemic cell lines (K562, PLB-985, UT-7, HL-60 and HEL). Their functional
studies have also shown the potential of hEAG1 inhibitors to reduce
proliferation and migration of acute myeloid leukemia cell lines [119].
However, transcripts for the EAG channel were detected at low levels
in K562 (a chronic myelogenous leukemic cell line) and MOLT-4 (an
acute lymphoblastic leukemia line) in a previous study [146].
Kv channels control the proliferation of T84 colon cancer cells, and
the abnormal expression of Kv channels may serve as a useful marker
for malignant transformation. It is important to note that human biop-
sies of colorectal carcinomas and carcinogen-treated mice show high
levels of EAG1 in colon cancers, while this protein is not detected in
the healthy colon [147]. Moreover, the EAG1 gene is induced in tumor
specimens and is signiﬁcantly associated with reduced survival rate in
patients with colon carcinoma. Because EAG-1 is already expressed
during the premalignant stage, EAG-1 transcripts detected in rectal
biopsies are important for tumor development and may serve as an
early diagnostic and prognostic marker, as in cervical cancer. EAG1 is
functionally expressed in samples from cervical carcinoma patients
and absent from normal tissue [28]. Moreover, EAG1 is differentially
overexpressed in at-risk cervical cytologies compared to normal cervical
tissues and increases from low- to high-grade intraepithelial lesions.
Interestingly, estrogens regulate the expression of the EAG1 gene, and
almost half of healthy women that take estrogens display EAG1 expres-
sion. Thus, EAG1 may be a potential risk indicator for developing cervi-
cal lesions in patients taking estrogens. Human papilloma virus (HPV)
oncogenes, the most important etiological factors for cervical cancer,
also regulate the expression of EAG1. In addition, when keratinocytes
are immortalized with human papilloma virus oncogenes E6 and E7
they begin to transcribe EAG1 mRNA [148]. All these ﬁndings suggest
that EAG1 may be present in pre-malignant lesions, where it acts as
an early risk indicator of cervical dysplasia [30]. In addition to cervical
cancer [149], HPV infection has also emerged as a factor associated
with the development of colorectal [150], head andneck (which include
the oral cavity and oropharynx) [151] and urological cancers [152].
EAG1 transcripts have also been detected in human diverticulitis,
which has the potential to transform into colonic cancer. In this way,
EAG1 could function as a marker of adverse prognosis in some human
colorectal adenocarcinomas [135]. The EAG1 channel is also frequently
expressed in a large proportion of human soft tissue sarcomas andseveral sarcoma cell lines while being absent from healthy tissues.
Additionally, EAG1 is aberrantly expressed in many sarcomas, and the
inhibition of EAG1 expression and function reduces the proliferation
of several sarcoma cell lines [144]. The expression of EAG1 increases
both the metabolic activity and proliferation rate of Chinese hamster
ovary (CHO) cells. In an immunodeﬁcient mouse model, EAG1-
transfected CHO cells cause rapidly growing tumors, whereas wild
type CHO cells are much less aggressive. Thus, the expression of EAG1
confers a selective advantage to cancer cells [29,144]. Two interesting
exceptions to this effect are glioblastoma multiforme and malignant
brain tumors, where the levels of EAG1 channel are lower than those
of native brain tissue [143,153]. Although EAG channels are expressed
in normal brain tissue, it is important to note that gliomas exhibit a dif-
ferential expression of both hERG and EAG1 channels depending on the
malignancy grade and nature of the tumor cells. Thus, their expression
seems to be inversely related to the malignancy of the tumor [143].
Interestingly, astrocytes normally express EAG1, while in glioblastomas
there is a signiﬁcant downregulation of channel expression [143]. EAG1
K+ currents have been also recorded in the nuclear inner membrane in
human and rat models where they participate in setting nuclear [K+]
and indirectly interact with heterochromatin. Since these processes
affect gene expression, genome stability and cell senescence [154],
nuclear EAG1 may be also relevant to cancer [155].
The restricted distribution of EAG1 in normal tissues is one of the
most attractive features of EAG1 as a potential tumor marker. Efforts
to elucidate the mechanisms underlying this expression pattern have
been largely unsuccessful. However, it is generally accepted that the
expression of EAG1 may offer a selective advantage to tumor cells
through increased vascularization and resistance to hypoxia [118].
EAG1 expression also appears to also affect cytoskeletal organization,
which may inﬂuence proliferation, migration and metastasis [156].
EAG1 is also involved in cell adhesion processes ultimately leading to
tumor progression [156]. The main question is whether EAG1 expres-
sion in tumor cells is a consequence of the abnormal growth or if
these channels are necessary for cell proliferation [126]. To date, we
know that EAG1 induces malignant transformation in ﬁbroblasts,
while its expression is secondary to malignant transformation in colon
cancer cells [135,157]. Noticeably, ion permeation does not seem to be
necessary because some non-conducting mutants retain the ability to
modulate proliferation and tumorigenesis [118,158]. Because EAG1
chemical blockers and selective antibodies have limited applicability
to the treatment of head and neck cancers, the oncogenic role of EAG1
seems to be independent of its function as an ion channel [141]. Various
studies demonstrate a link between EAG1 expression and different
cancer risk factors, suggesting a role of this channel in the pathogenesis
the disease [159]. The expression of EAG1 can also be induced by treat-
mentwith chemical carcinogens inmousemodels of colon cancer [135].
Aberrant EAG1 expression has been detected in most head and neck
tumors, while no expression is found in normal epithelia from non-
oncologic patients. It remains to be determined whether EAG1 plays
an active role in malignant progression or is simply a consequence of
tumor development [141].
The idea of ion channels as therapeutic membrane targets has gar-
nered increasing attention. EAG channels are particularly attractive as
cancer targets because their surface expression is not detected in nor-
mal tissue outside the central nervous systembut is signiﬁcantly detect-
ed in many tumors of different origins. In addition, EAG transcripts are
aberrantly expressed in several human cancers, and the inhibition of
these channels impairs the proliferation of tumor cell lines. Therefore,
speciﬁc antibodies against EAG1 may represent promising tools for the
development of strategies that selectively kill tumor cells [160].
1.2.2. Human ether-à-gongo-related gene voltage-gated potassium channel
1 (hERG1)
Human ether-à-go-go related gene (hERG) K+ channel (also known
as Kv11.1 and encoded by KCNH2) is another voltage-gated K+ channel
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channels but exhibits biophysical features that distinguish it from other
members of this family, such as strong inward rectiﬁcation [26,161]. The
biophysical properties of this channel also include relatively fast kinetics
of the inactivation gate and much slower kinetics of the activation gate
[162]. hERG channels are mainly expressed in the heart, where they are
responsible for the IKr current and associate with minK proteins to
regulate the duration of the action potential repolarization [163]. In
contrast to EAG channels, hERG expression is ubiquitous in normal
human tissues. Therefore, hERG transcripts have also been found in
brain, kidneys, liver, pancreas, testes, uterus, prostate, hematopoietic
progenitors, and other tissues [15,164–166].
In human cancer, hERG was ﬁrst reported in neuroblastoma cells to
be responsible for resting-potential variations [27,115]. Since then,
several studies have identiﬁed hERG channels in many neoplastic cell
lines with different tissue origins [26] and in primary human cancers
[137,166,167]. In tumor cells, hERG channels have been reported to be
differentially expressed throughout the cell cycle. In fact, two described
isoforms of hERG coexist; hERG1b expression is prominent in the S phase
of the cell cycle, and hERG1a is more abundant in the G1 phase [137]. In
addition, hERG1 is often aberrantly expressed in tumor cell lines and
primary cancers, especially in early stages, where it frequently exerts
pleiotropic effects on the neoplastic cell physiology [168]. For instance,
hERG is found to be overexpressed in leukemia [146,166], gliomas
[153], colorectal [135,167] and endometrial cancers [165]. In general,
Kv channel overexpression is a recurrent feature of early cancer stages,
most likely because of the role of the channel in cell proliferation. Later
phases presentmore variability, perhaps due to the different physiolog-
ical needs of neoplastic cells derived from different tumors. Interesting-
ly, hERG expression has also been linked to higher grade and poorer
prognosis in several malignancies [146,165,167,169,170]. Thus, many
studies suggest that hERG channels may play a prominent role in the
control of cancer cell proliferation and tumor progression [7,27,29,
171] (Table 1). hERG1 blockage tends to inhibit cell proliferation in
many primary cultures and human cancer cell lines [13,88,146,166,
168,172–176]. Although the mechanism of this inhibition is unclear, it
is known that voltage-gated K+ channels differentially regulate the
resting voltage during proliferation [177]. In fact, hERG1 current can
contribute to driving the resting voltage of tumor cells to rather
depolarized values due to its biophysical properties [26,115,161,162].
In addition, hERG channels stimulate tumor neo-angiogenesis by the
secretion of vascular endothelial growth factor (VEGF) [153,178]. At
the same time, hERG channels physically interact with adhesion recep-
tors of the integrin family [179], growth factors [180] and chemokines
[181] to control cell migration, differentiation and proliferation. All
these processes may present a selective advantage to a number of
human cancers [26,153,167,176,182–184].
hERG channels are constitutively expressed in neuroblastoma [115,
185], where they contribute to control the membrane voltage potential
as well as neuronal excitability [186]. Moreover, a macromolecular
complex between β1 integrins and hERG channels regulates the
adhesion-dependent differentiation of neuroblastoma cells [187,188].
In gliomas, the differential expression of hERG1 and EAG1 mRNA
depends on the malignancy grade and nature of the tumor cells. Thus,
the expression of hEAG1 has been reported to be moderate in high-
grade gliomas and high in low-grade ones, especially control tissues
[143]. This downregulation of hERG in malignant gliomas seems to be
different from that of non-neural tumors [165]. Although it seems
quite surprising, similar lowexpression has been reported for the Shaker
subfamily of K+ channels [50], suggesting that this may be a general
hallmark of high-grade gliomas. In contrast, hERG1 is overexpressed
in the high-grade astrocytic tumor known as glioblastoma multiforme
(GBM) where it contributes to malignancy by promoting the secretion
of VEGF [153]. The discrepancy between these data may be due to the
experimental approach; Patt and co-workers tested mRNA expression
using whole brain tissue, which expresses hERG1 [189].In contrast, the expression of hERG1 turns out to be upregulated in
leukemia [146]. Interestingly, the expression of hERG channels is signif-
icantly correlated with a more aggressive phenotype in human acute
myeloid leukemia (AML) [180]. In AML cells, an interaction between
hERG1 and β1 integrin is associated with VEGF secretion and can regu-
late cell proliferation as well as migration and invasion. Physical and
functional interaction between hERG1 and integrins is twofold: integrin
activation depends on hERG1 channel activity because it is severely
impaired by speciﬁc hERG1 blockers. More than that, β1 integrin sub-
units can functionally activate hERG1 in leukemia cells [182] and neuro-
blastoma [185]. Once activated by integrins, hERG proteins modulate
adhesion signaling pathways downstream to integrin receptors [190].
The β1 subunit linked to hERG coassemble with caveolin-1 particularly
after integrin engagement to extracellular matrix. Then, activated hERG
induce the recruitment of focal adhesion kinase (FAK) and its subse-
quent phosphorylation and activation of Rac1 [187]. Likewise, K+
currents modulate FAK phosphorylation after cell adhesion to ﬁbronec-
tin in neuroblastoma cells [191]. In leukemia cells, hERG1–β1 integrin
macromolecular complexes trigger signaling pathways that determine
neoplastic progression and malignancy by recruiting growth factor
and chemokine receptors [180,192]. In addition, hERG1–integrin β1
complexes modulate phosphorylation of PI3K and VEGF-A secretion to
control tumor cell neoangiogenesis and progression of colorectal cancer
[178]. Acute lymphoblastic leukemia (ALL) cells that are co-cultured
with bone marrow mesenchymal cells express hERG1 either as single
proteins or complexed with integrins in lymphoblasts [193]. Similarly,
childhood B-acute lymphoblastic leukemia (BALL) cell lines as well as
primary BALL cells expresses functional hERG1–β1 integrin complexes
[194]. In pediatric ALL, the inhibition of hERG impedes bone marrow-
induced protection against chemotherapeutic drugs, restoring substan-
tial apoptotic cell death. Speciﬁc hERG1 blockers also exert anti-
leukemic activity, increasing the rate of cell apoptosis in bone marrow
and reducing the leukemic inﬁltration of peripheral organs in murine
models. In ALL cells, hERG inhibitors abrogate the protective effect of
bone marrow stromal cells on leukemic cells and enhance the cytotox-
icity of some common anti-leukemic drugs. Therefore, hERGmodulators
may overcome chemoresistance in acute leukemia, a major obstacle to
therapeutic success [181]. Although the cohort of the study may be
too small for the results to be conclusive, ALL hERG1+ patients undergo-
ing standard chemotherapy showed a higher probability of relapse, a
shorter time to relapse, lower rates of complete remission, and a shorter
overall survival compared to hERG1− patients [181]. The human leuke-
mic preosteoclastic cell line (FLG 29.1), which expresses hERG channels,
can also adhere to puriﬁed ﬁbronectin through integrin receptors.
Moreover, hERG current shows an early activation that is apparently
sustained by the β1 integrin subunit activation to control cell differenti-
ation [182]. Many tumor cells, especially in leukemia, express the
truncated isoform hERG1b along with the full length protein to form
heterotetrameric channels [168]. In addition, leukemia cells express
another truncated form of hERG1 protein that lacks most of the N-
terminus and generate functional currents [137].
Similar to leukemic murine models, treating nude mice with the
hERG blocker E4031 for two weeks after the subcutaneous injection of
human gastric cancer cells decreases tumor growth [88]. hERG is
expressed in gastric cancer cell lines and primary tumors [170], and
the hERG blocker cisapride inhibits the cell cycle [173]. Although a
high expression level of hERG is not restricted to gastric cancer cells, it
is responsible for the malignant phenotype of gastric cancer [173]. In
fact, different studies have identiﬁed the hERG channel as a potential
biomarker for gastric cancer invasion and survival [136,169]. Moreover,
hERG has been found in pre-cancerous lesions of the stomach and lower
esophageal tract and has a strong correlation with later progression
toward adenocarcinoma. Dysplasias (Ds) and adenocarcinomas
(ADKs) of the human esophagus show a high expression of hERG1
protein.Most patients with the premalignant lesion Barrett's esophagus
(BE) express hERG1, whereas normal samples from patients with
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port the hypothesis that hERG1 expression marks an early step in the
malignant progression of BE to adenocarcinoma [195]. It is important
to note that BE samples turned out to be negative for Ki67 expression,
while Ki67 positivity in Ds and ADKs was limited to sparse cells [195].
The hERG1 gene and hERG1 protein are also upregulated in colorectal
cancer cells and primary samples, but no expression is detected in
normal colonic mucosa. Because the highest expression of hERG1 is
detected in cancers with invasive and metastatic phenotypes, it is
generally accepted that the channel activity modulates colon cancer
malignancy. hERG channels may modulate the migration and invasion
of colon cancer cells [196] though a functional association with β1
integrin [182,185]. The activated signaling pathways mediate cell adhe-
sion to the ECM and promote the secretion of VEGF-A, which sustains
angiogenesis. In fact, blocking hERG1 inhibits angiogenesis, cell growth
and metastatic spread in colorectal cancer cells in vivo [178]. The link
between hERG1 expression and invasive capacity has been conﬁrmed
by experiments in HEK293 cells transfected with hERG1 [167]. More-
over, it is believed that in colorectal cancer, most Kv channels control
cell proliferation [147], whereas hERG appears to control invasiveness
in later stages by interactions with β1 integrins [187,188]. As with
EAG, hERG1 is detected in the colons of Apcmin/+mice that developmul-
tiple adenomas in the small intestine. In contrast, hERG1-transgenic
mice, which show the ubiquitous expression of hERG1, do not exhibit
any other speciﬁc phenotypes and have a normal life span. These data
demonstrate that the overexpression of hERG1 does not induce tumor
development per se, although it is relevant in the progression of
colorectal carcinogenesis [197]. hERG channels are frequently more
expressed in biopsies from endometrial cancer compared to non-
cancerous endometrium and are physically linked to β1 integrins to
modulate adhesion-dependent signaling in endometrial cancer [165].
hERG–KCNE complexes have also been detected in both squamous
and endometrial cancer cell lines [198]. In the human mammary
carcinoma cell line MCF-7, hERG most likely regulates cell volume and
not proliferation, as suggested by experiments utilizing speciﬁc inhibi-
tors [199]. In fact, the expression of hERG channels has been detected
in many human cancers, including pancreatic ductal adenocarcinoma
[200] and melanoma, where they control cell proliferation and
migration [176].
Current evidence demonstrates that hERG is a proliferation-related
gene that may provide a selective advantage to cancer cells [26]. There-
fore, hERG channels and their inhibitors could be used not only as novel
prognostic factors but also as novel molecular targets in the future.
Selective hERG channel blockers such as E4031, Sertindole, Erythromy-
cin, curcumin andDoxazosin provide direct evidence of a functional role
for the hERG current in cancer cells [126,201]. However, most hERG1
blockers represent the worst possible combination because they bind
the channel intracellularly and trigger serious side effects. Many drugs
inhibit hERG because of the structural features of the inner channel
cavity to which most of these drugs bind [202]. At the same time,
hERG blockers can cause fatal cardiac arrhythmias [201]. Noticeably,
there are at least three alternative transcripts or hERG that have differ-
ential expression in the heart and in tumor cells. This observation raises
the possibility of selectively inhibiting the channel in tumors while
preserving the function of the heart [137,203]. Interestingly, the
efﬁcient hERG blocker roscovitine does not induce arrhythmia, most
likely due to its low afﬁnity for the closed and inactivated states of the
channel [204]. As a matter of fact, pharmaceutical companies have
made great efforts to develop hERG-selective compounds.
1.3. Two pore-domain K+ channels
1.3.1. TWIK-related acid-sensitive potassium channel 3 (TASK-3)
TWIK-related acid-sensitive potassium channel 3 (TASK-3), also
known as K2P9.1, belongs to the family of two-pore domain (K2P) potas-
sium channels [205]. As its name indicates, K2P channels have uniquemembrane topologies consisting of two pore-forming regions ﬂanked
by four transmembrane domains [206]. Because K2P channels display
inward currents with little time and voltage dependence, they show
characteristics of a leak current carrying a background K+ conductance
and set the resting membrane potential [207–209]. Based on both
sequence homology and functional characteristics, the 15 known
human K2P channels are classiﬁed into six subgroups, wherein the
TWIK-related acid-sensitive K+ channels TASK-1 (KCNK3), TASK-3
(KCNK9), and TASK-5 (KCNK15) form one subgroup. Except for TASK-
5, which is not expressed functionally, the other two members (TASK-
1 and TASK-3) exert relevant effects on cell excitability [33,210–213]
and have been related to diverse human cancers.
TASK-3 channels generate outwardly rectifying currents that are
modulated by a wide range of chemical and physical stimuli such as
acidiﬁcation [206,214–216] and hypoxia [217]. TASK-3 activity is
blocked by external divalent cations such as Zn2+ and Ba2+ as well as
quinidine, lidocaine and ruthenium red [206,216]. On the other hand,
TASK-3 is stimulated by the volatile general anesthetic halothane
[218] but inhibited by the local anesthetic bupivacaine [219–221]. In
humans, the presence of TASK-3 is normally observed in the brain,
with particularly strong expression in the cerebellum [206,215], as
well as in the adrenal cortex, gastrointestinal tract, and salivary glands
[222,223]. Many studies have indicated that TASK-3 channels are in-
volved in a number of physiological functions, including the regulation
of aldosterone secretion [224,225] and the resting membrane potential
[209,226–228]. They also participate in the interactions between neu-
rons and glia [229] and mediate the sensitivity of peripheral chemore-
ceptors to hypoxia and pH [230,231]. In addition, several studies have
demonstrated the oncogenic potential of TASK-3 channels (Table 1).
First of all, the ampliﬁcation of the KCNK9 gene (which encodes the
TASK-3 protein) has been reported in a number of cancer entities such
as breast, prostate and lung cancers [31] as well as malignant melano-
mas [232]. Similarly, KCNK9 overexpression has been observed in ap-
proximately half of the colorectal carcinomas tested although the
protein level is not related to tumor stage [233]. The overexpression of
the KCNK9 gene promotes tumor formation and induces resistance to
both hypoxia and serum deprivation. The overexpression of KCNK9 in
NmuMG cells (a cell line derived from mammary epithelial tissue) and
NIH-3 T3 ﬁbroblasts does not result in their transformation, but mice
injected with NmuMG cells overexpressing TASK-3 develop tumors
[31]. Furthermore, wild-type KCNK9 confers a growth advantage to
cells, whereas the inactivating mutant has no effect on cell growth.
These results suggest that a functional ion channel is required for the
regulation of cell proliferation and the oncogenic properties of TASK-3
channels [234]. Thus, KCNK9 is an established proto-oncogene whose
ampliﬁcation causes a signiﬁcant tumorigenic effect promoting cell pro-
liferation [31]. However, it remains uncertain exactly howTASK-3 chan-
nels may exert tumorigenic properties. One possibility is that TASK-3
overexpression may favor the survival of tumor cells, increasing their
resistance to hypoxia and serum deprivation in the poorly oxygenated
areas of solid tumors [234]. In fact, the acid-base balance of tumor
cells appears to be universal for all solid tumors [235], and TASK-3 is
modulated by extracellular acidiﬁcation. The KCNK9 gene has also
been identiﬁed as a proto-oncogene thatmay provide selective pressure
for copy number increase at chromosome 8q24 [31], which has been
reported as a frequent event in several cancers [236].
TASK channels have been shown to play a key role in tumorigenesis
and apoptosis [33]. In cerebellar granule cells, TASK-3 channel activity
may trigger apoptosis [237],whereas under certain experimental condi-
tions, the presence and activity of TASK-3 can have the opposite effect,
providing protection from neuronal death [238]. Although it is not
clearwhy the activity of TASK-3may either induce or prevent apoptosis,
it seems to be important for tumorigenic functions in many cell types.
The transfection of TASK-3 in the C8 embryonic mouse ﬁbroblast cell
line increases its survival under pro-apoptotic conditions (low serum
conditions and hypoxia) by inhibiting intracellular apoptosis pathways
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expressing KCNK9 causes tumor development [234]. In contrast, C8
cells transfected with a mutated KCNK9 (G95E) that abolishes TASK-3
channel activity have reduced oncogenic properties including prolifera-
tion in serum deprivation, resistance to apoptosis and tumor cell
growth. However, the overexpression of wild-type KCNK9 results in a
signiﬁcant reduction of TNF-induced apoptosis. The introduction of a
dominant-negative TASK-3 subunit into the human lung carcinoma
cell line Ben, which overexpresses TASK-3, reduces cell proliferation.
These results directly link TASK-3 function and malignant transforma-
tions [234].
On the other hand, TASK-3 expression has been identiﬁed in normal
ovaries and in the SKOV-3 and OVCAR-3 ovarian cancer cell lines and
ovarian tumors. Increased immunostaining of TASK-3 confers a survival
advantage, whereas TASK-3 blockers cause signiﬁcant reductions in cell
proliferation and increases in apoptosis in SKOV-3 and OVCAR-3 cells.
Therefore, TASK-3 could prove to be both a novel tumor marker and a
new therapeutic target in ovarian cancer [239]. Benign melanocytes
and malignant melanoma cells also show TASK-3 channel expression.
However, one of the most surprising discoveries is the ﬁnding that the
TASK-3 protein seems to be localized intracellularly, mostly concentrat-
ed in the perinuclear region of healthymelanocytes andmelanoma cells
[240]. Similarly, TASK-3 channels are strongly located around the nucle-
us of colorectal cancer cells [223,232,233]. It is known that TASK-3
proteins are also present in themitochondrialmembranes ofmelanoma
cells andHaCaT keratinocytes, where theymay contribute tomitochon-
drial functions, although their role there remains elusive [87,232]. In
fact, different K+ channels have been shown to play a role in mitochon-
drial dysfunction [241]. Interestingly, the inhibition of TASK-3 biosyn-
thesis induces characteristic changes in cell morphology and reduces
the amount of DNA, metabolic activity and mitochondrial function of
melanoma cells. These ﬁndings indicate that TASK-3 expression and
function are indispensable for the proliferation and survival of melano-
ma cells. Different studies have demonstrated that the function of TASK-
3 is essential for maintaining cellular integrity and viability, possibly by
providing greater hypoxia tolerance through a still unknown mecha-
nism. TASK-3 may have clinical relevance because the inhibition of its
biosynthesis cause mitochondrial dysfunction leading to the damage
and eventual death of melanoma cells [240].
TASK-3 mRNA and protein are highly expressed in MCF-7 cells, a
non-invasive human breast cancer cell line, compared with MDA-MB-
231 cells, an invasive breast cancer cell line. Interestingly, the overex-
pression of TASK-3, which can bemodulated by PKC activation, reduces
migration and invasion in breast cancer cells, whereas its silencing
increases both parameters. These results suggest that the modulation
of TASK-3 expression may regulate metastasis in breast cancer cells
[242]. In Ehrlich ascites tumor cells, cell swelling-activated K+ currents
show biophysical properties and pharmacological proﬁles that are
similar to those described for TASK channels [243]. Furthermore, two
human glioma cell lines (U373, LN319) as well as glioma specimens
constitutively express TASK-1 and TASK-3 mRNA and protein. In addi-
tion, a TASK channel activator [220,244] induces cell death in different
human glioma cell lines. This effect could be prevented by the TASK-1
and TASK-3 channel inhibitor bupivacaine [209] and by spermine,
which inhibits TASK-3 channels [245], but not by the TASK-1-speciﬁc
modulator anandamide [208,246]. These data indicate a clear link
between TASK-3 function and cell death in human glioma cells. The
chemo-sensitive properties of TASK-3, such as pH and hypoxia depen-
dency,may be especially relevant in the hypoxic and acidicmicromilieu
that often occurs in the center of a solid tumor [33]. However, the
expression of TASK-1 and TASK-3 in normal brain tissues indicates
that pharmacological intervention through TASK must be undertaken
with caution. A signiﬁcant reduction in cell proliferation has been
conﬁrmed with TASK-3 blockers, but unfortunately, there are no
known speciﬁc K2P channel blockers, and these drugs exhibit other
actions in addition to the blockade of TASKs [222].Thus, TASK-3 channels promote the survival of cancer cells under
certain conditions [238], whereas in other cases, their presence and
activity induce apoptotic cell death [247,248]. There are several hypoth-
esis trying to explain this paradoxical phenomenon [8,33]. Although the
exact link between TASK activity and apoptosis is still unclear, TASK-1
and TASK-3 subunits seem to be essential for the induction of apoptosis
in cerebellar granule cells. This effect requires the channel activity
because the loss-of-function mutants do not alter cell viability [237].
When TASK-3 is active at the cell surface, its activation causes the efﬂux
of K+. This fact, accompanied by the outﬂow of Cl− and an osmotic
water loss, leads to apoptotic volume decrease, which is a key initiator
of the apoptotic process. At the same time, the reduction in the intracel-
lular K+ concentration acts as an important regulator of the nucleases
and caspases that play prominent roles in apoptosis [249–251]. In
contrast, when TASK is located in the mitochondria (in melanoma and
keratinocytes), its activity may contribute to the maintenance of mito-
chondrial functions and provides energy supply to healthy and malig-
nant cells to promote their survival.
1.3.2. TWIK-related acid-sensitive potassium channel 1 (TASK-1)
Outward rectiﬁcation currents mediated by TASK-1 (K2P3.1) are
sensitive to variations in the extracellular pH [214] and blocked by the
local anesthetic bupivacaine [252] and opened by halothane and
isoﬂurane [221,253]. As in TASK-3 channels, TASK-1 activity is blocked
by Ba2+ and Zn2+. TASK-1 protein is found in the brain, with a particu-
larly strong expression in the cerebellum [254,255]. Endogenous TASK-
1-like currents have been recorded in rat heart myocytes [256] and rat
type-I carotid body cells [217]. Additionally, TASK-1 is expressed in
the lungs, the pancreas and the placenta [214,257]. Noticeably, both
TASK-1 and TASK-3 can form functional heterodimers [258–260] that
may contribute to cell death in cerebellar granule neurons [237]. Similar
to TASK-2 and TASK-3, the overexpression of TASK-1 enhances the
viability of transfected C8 cells by inhibiting intracellular apoptosis
pathways [238]. The differential expression of TASK-1 can also be corre-
lated with the prolonged survival of patients with advanced colorectal
cancer [261]. Because of this association, TASK-1 may be considered as
a new prognostic marker for colonic cancer.
1.3.3. TWIK-related K+ channel-1 (TREK-1)
Another subgroup of K2P channels includes three members: TWIK-
related K+ channel-1 (TREK-1, encoded by KCNK2), TREK-2 (KCNK10)
and TWIK-related, arachidonic acid-stimulated K+ channel (TRAAK,
KCNK4). Among them, TREK-1 channels are the ones related to different
cancer entities [262,263]. TREK-1 is found in the brain with a speciﬁc
and strong expression in the striatum [254,264]. Its outward rectifying
currents are time- and voltage-independent and modulated by cell
volume [265], temperature [266] and intracellular acidosis [267].
TREK-1 is opened by volatile anesthetics [221], polyunsaturated fatty
acids [268] and mechanical stretching [265] and inhibited by external
Mg2+ at negative potentials [269,270], amiloride, Gd3+ [265], Ca2+
antagonists [271] and the KATP channel blocker glibenclamide [272].
Similar to TASK channels, a functional TREK-1 is present in the plas-
mamembrane, but a substantial proportion of TREK-1 protein is also lo-
calized to the nucleus. This unexpected TREK-1 population could not
contribute to the regulation of either plasma membrane potential or
cell volume. In fact, TREK-1 channels have been associated with differ-
ent oncogenic functions (Table 1). Wild-type TREK-1 does not induce
cell death, but the constitutively active mutant E306A [273] mimics
the effect of TASK channels and induces neuronal cell death [237]. In ad-
dition, the anti-apoptotic role for TREK-1 has been shown using riluzole
red, a nonspeciﬁc TREK-1 activator that prevents cell death aswell as is-
chemic spinal cord injury [274]. Like TASK-3, the oncogenic ability of
TREK-1 may depend on its activity as an ion channel. Thus, non-
functional channels not only lose their tumorigenic capability but can
act as dominant negative mutants, blocking the endogenous channel
function and preventing the formation of tumors [234].
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[275] as well as the PC3 prostate cancer cell line. However, neither
normal prostate epithelium (NPE) nor benign prostatic hyperplasia
expresses detectable levels of TREK-1. Moreover, the overexpression
of TREK-1 increases the proliferation rate of both NPE and Chinese
hamster ovary (CHO) cells, conﬁrming the importance of this channel
in the regulation of cell growth. Conversely, the inhibition of TREK-1
activity in cultured cancer cells by a nonspeciﬁc blocker or by a
dominant-negative mutant of the channel reduces proliferation to
near-normal levels. All these data suggest that the expression of TREK-
1 is associated with abnormal cell proliferation and may be a prostate
tumor marker and a novel therapeutic target [262].
Both TREK-1 and TREK-2 channels are expressed in SKOV-3 and
OVCAR-3 ovary cell lines, normal ovaries and epithelial ovarian tumors.
Interestingly, the proliferation of SKOV-3 and OVCAR-3 cells is reduced
by TREK-1-modulating agents. Curcumin, which inhibits TREK-1, causes
a signiﬁcant reduction in early apoptosis and a signiﬁcant increase in
late apoptosis in SKOV-3 and OVCAR-3 cells. Immunohistochemical anal-
yses demonstrate associations between TREK-1 expression and disease
prognosis, stage, and grade [276]. The expression of TREK-1, TREK-2,
and TASK3 in the non-invasiveMCF-7 breast cancer cell line is signiﬁcant-
ly higher than in MDA-MB-231 cells. However, in contrast to TASK-3, the
overexpression of TREK-1, TREK-2, and TRAAK channels has no signiﬁcant
effect on the migration of invasive breast cancer cells [242].
1.4. Potential mechanisms involving K+ channels on tumor progression
The mechanisms by which K+ channels regulate cell proliferation
and apoptosis remain elusive [171,277]. Potassium channel activity
maymodulate cell growth through intracellular calcium signaling path-
ways by controlling the cell membrane potential [278,279]. In fact,
tumor cells tend to bemore depolarized than their normal counterparts
[280]. K+ channels would provide the driving force required for the
Ca2+ inﬂux that is necessary for cell cycle progression [134]. At the
same time, they may be involved in G1/S hyperpolarization, avoiding
a loss of intracellular K+ and preventing the cells from entering the
apoptotic pathway. In addition to changes in Ca2+ homeostasis, apopto-
sis is characterized by voltagemembrane decay and cell shrinkage [281,
282], both of which are related to the activity of K+ channels [129].
However, the mechanistic link between the activity of K+ channels
and cell proliferation control is much more complex. Alternatively,
EAG and hERG expressed on cancer cells, contribute to tumor angiogen-
esis [178] and cell migration [180] by controlling VEGF secretion and
interaction with integrin receptors, respectively. To complicate the








Fig. 2. Potassium channels are involved in tumor progression through both permeation-related
driving force for Ca2+, as well as cell volume regulation. These changes can have substantial ef
processes, together with hypoxia response, inﬂuence angiogenesis, cell growth and invasion to
nels rely on protein-protein interactions regulating cell cycle and, as a consequence, tumor protumor microenvironment plays a signiﬁcant role in tumorigenesis
[283]. There is strong evidence that K+ channels are involved in physi-
ological processes related to cancer malignancy but it is currently difﬁ-
cult to assign a speciﬁc role for each channel in proliferation and
invasion of tumor cells. The main mechanisms involved in malignancy
are tumor growth, neoangionesis and metastatic spread (Fig. 2). It is
well established that cell migration can be inﬂuenced by Kv1.3, Kv1.5,
EAG1 and hERG1 channels, and therefore its speciﬁc inhibition it is pre-
dicted to reduce metastatic potential. In accordance with that, Kv1.5
gene silencing alters B-lymphocyte migration [79]. Similarly, the inhibi-
tion of EAG channel reduces the migration of acute myeloid leukemia
[119] and breast cancer cells [284] whereas hERG1 has been related to
the migration of leukemia [180], melanoma [176], and thyroid [184]
tumor cells. Interestingly, mice treated with the hERG1 inhibitor
E4031 do not show macroscopic tumor masses or liver metastases
contrary to controls [178]. The involvement of K+ channels in cell adhe-
sion signaling has beenmost clearly shown for hERG1 proteinwhich in-
teracts physicallywithβ1 integrin [187]. In amurinemodel of colorectal
cancer, hERG1–β1 integrin complexes regulate tumor angiogenesis by
the secretion of VEGF-A. On the other hand, speciﬁc processes causing
up- or down-regulation of K+ channels in human cancers are far from
being understood. Epigenetic mechanisms such as DNA methylation
have been implicated in the altered expression of Kv1.3 in pancreatic
cancer cells [285] and breast cancer cells [70] and it may explain
HERG1 changes in ovarian cancer cells [286]. Another evidence supports
that changes in histone acetylation are involved in aberrant expression
of EAG1 in head and neck cancer [141].
Potassium channels have been assigned a deﬁnitive place in tumor
biology, and their precise roles in carcinogenesis are not yet fully
clariﬁed. Because the expression of different K+ channels has been
reported to be altered in a number of human cancers and, in some
cases, correlates with tumor malignancy, the expression of a speciﬁc
combination of ion channels could be useful in tumor characterization.
In addition, increasing evidence supports the fact that different drugs
and toxins that block the activity of K+ channels decrease neoplastic
proliferation. Consequently, ion channels have been extensively
proposed as new and exciting targets for cancer therapy. Toxins isolated
from venomous animals such as margatoxin and stichodactyla
helianthus (ShK) are selective blockers for Kv1.3 but many other K+
channel inhibitors are nonspeciﬁc although they reduce cancer cells
proliferation. The use of the antihistamine astemizole and the antide-
pressant imipramine leads to a reduction in proliferation of breast
cancer cells [134] and melanoma cells [133], respectively. Both are
efﬁcient but rather nonspeciﬁc EAGI blockers [124]. The inhibition of








and non-conductingmechanisms. The former include changes inmembrane potential and
fects on processes like adhesion, migration, apoptosis, and cell-cycle progression. All these
control tumor progression. On the other hand, the non-canonical mechanisms of K+ chan-
gression.
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expression by antisense technology [29], siRNA [121] and speciﬁc block-
age of EAG1 with monoclonal antibodies inhibits tumor cell growth
both in vitro and in vivo [120]. Unfortunately, small molecule inhibitors
of EAG1 lead to the undesired HERG block. Thus, the design and charac-
terization of new compounds that speciﬁcally target K+ channelswould
be valuable tools to elucidate their physiological and pathophysiological
function. The use of K+ channels inhibitors in vivo has been excluded so
far becausemany of them are expressed in both tumor cells and healthy
cells. Therefore, it may be necessary to fully understand the speciﬁc
regulation of ion channels in tumor cells in order to consider them as
promising therapeutic targets for cancer.Acknowledgments
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